The cell wall of Escherichia coli is a favorable system for obtaining insight into the molecular organization of biological membranes by chemical means. It contains the so-called rigid layer, which is linked together by covalent bonds. The structure of this layer is therefore preserved even under rigorous isolation conditions during which other membranes are dissociated into their individual components with irreversible loss of their in vivo arrangement.
The basic structure of the rigid layer is the murein (peptidoglycan, mucopeptide), which consists of polysaccharide chains crosslinked by short peptide bridges (1) . It forms a net that encloses the whole cell. From our previous studies (2-5) we concluded that, depending upon the size of the cell, about 105 lipoprotein molecules are covalently linked to the murein of one cell. We further hypothesized that these lipoprotein molecules may represent the covalently anchored core of subunits of which the cell wall is built. The other components of the cell wall could be organized around the lipoprotein so that the pattern of lipoprotein molecules on the murein would reflect the overall organization of the cell wall. To support this model, we studied the structure of the lipoprotein further. Of special interest were the attachment sites of the covalently linked lipid and the murein to the polypeptide chain. We report here the complete amino-acid sequence of the protein, the attachment site of the lipid, and the mode of binding of the lipoprotein on the murein. Experimental details and the complete list of sequenced peptides will be published elsewhere.
METHODS Experimental procedure
The following preparations and techniques have been described (2-4): isolation of murein-lipoprotein complex from E. coli B, grown to 5 X 108 cells/ml in glucose-minimal medium (6) pyridine adjusted to pH 2 with formic acid, the molarity and pH of the pyridine were raised to final values of 2 M and pH 5.0. The peptides were further purified on phosphocellulose with a gradient as used on Dowex 50 X 2, or on Dowex 1 X 2 (9) with an N-ethylmorpholine-pyridineacetate gradient. The purity of the peptides was checked by paper chromatography with butanol-acetic acid-water (4:1:5, upper phase), or, for basic peptides, methanolwater-pyridine-12 N HCl (80:17.5:10:2.5). When only a single spot was observed, the purity was evaluated by determination of the amino-acid composition with the aminoacid analyzer. Peptides were usually hydrolyzed in 5.7 N HCl for 20 hr at 1050. However, peptides containing amino sugars of the murein were hydrolyzed for 15 hr in 4 N HCl at 1050. The amino-acid sequence of peptides was mostly determined by the subtractive Edman procedure (10, 11) , but the sequences of some were, in addition, directly determined from the cleaved phenylthiohydantoin derivatives of the N-terminal amino acids by chromatography on starchpaper (12) or on silica gel thin-layer plates (13) . In addition, sequential digestions of peptides by carboxypeptidases A and B (14) (EC 3.4.2. 1; EC 3.4.2.2) and aminopeptidase M (15) were used as a further tool for sequence determination. Asparagine and glutamine were mostly determined in this way but if these amino acids were C-terminal they were also determined by amino-acid analysis after the preceding step of Edman degradation without acid hydrolysis. The free amino groups at the murein-lipoprotein attachment site were also determined by dinitrophenylation (16) of suitable degradation products (see Results). The ether-soluble and water-soluble dinitrophenyl derivatives were chromatographed on silica gel thin-layer plates with n-propanol-35% ammonia (70:30).
RESULTS AND DISCUSSION
Repetitive amino-acid sequence
The lipoprotein, both when bound to the murein and when released by degradation of murein-lipoprotein by lysozyme, is insoluble and therefore difficult to digest. Unspecific proteases such as Pronase, thermolysin, or subtilisin had to be used. These enzymes yielded many overlapping peptides so that every peptide bond was established in at least two but in most cases in four to five different peptides. However, these overlaps proved to be important since we could then determine with certainty the repetitive design of the sequence as shown in Fig. 1 . The sequence is presented to show maximal homology between peptides within the polypeptide chain.
Such a degree of repetition has not previously been observed (see, e.g., discussion in refs. 18 and 19) . Starting from the third amino acid, a sequence of 14 amino acids is nearly identically repeated by the next sequence of 15 amino acids followed again by 7 amino acids. The structural gene probably coded originally for 15 amino acids; it doubled and the triplet coding for lysine or arginine at the C-terminal end was deleted. Then, only half of the original gene was fused with the doubled gene. Now a more variable part of the protein starts whose descendence from the original gene is obvious when all the following peptides are aligned so that they end either with lysine or arginine. The observed homologies are still striking, but several amino-acid deletions (17) have to be introduced. The repetitive N-terminal portion of the polypeptide chain, which has remained essentially constant, may reflect a high selection pressure during evolution that allowed only few, and then very conservative, amino acid replacements (Ile/Val; Gln/Asn/Ser; Ala/Ser; Ala/Thr; Lys/Arg the sequence of the defined lipopeptide Ser-Asx-Ala-Lys was elucidated (7) . Other proteolytic degradation products of this peptide were also found, including serine remaining as sole amino acid on the lipid. In particular, when the lipoprotein was extensively cleaved with subtilisin, only serine remained bound to the lipid.
Use of various methods failed to reveal a free a-amino group in the lipopeptides as is the case with intact lipoprotein. This points to an N-terminal position for the lipopeptide in the protein, the lipid being bound to the N-terminal serine residue and the Asx-Ala-Lys found in pronase lipopeptides being identical to the amino acids in positions 3, 4, and 5, which are found in the water soluble fraction after extensive degradation of the lipoprotein by subtilisin. The peptide Ser-Asx-Ala-Lys could only be obtained by removal of the lipid by chemical means. However, in contrast to this peptide, overlapping peptides could easily be obtained from the homologous region (Asn 17), e.g., Thr-Leu-Asn, Leu-Asn-Ala, Leu-Asn-Ala-Lys were present in the water soluble fraction of enzymatic digests. The two homologous regions could also clearly be distinguished by the Ile/Val difference in positions 6 and 20, respectively.
Furthermore, we think that there is a second additional serine at the N-terminal end. With reference to the other amino acids in a longer lipopeptide, the purest preparations contain 1.5-2 serine residues. In addition, lipoprotein contains six serine residues whereas we found only four in the soluble peptides. Since, as already mentioned, every single peptide bond was proved in at least two but mostly in four to five different peptides, it would be very unlikely that we could have omitted a serine residue somewhere else in the polypeptide chain. The sequence at the N-terminal end can thus be formulated as (Ser)-Ser-Asn-Ala-Lys.
The main fatty acid in the lipid is palmitic acid (60-70%).
No glycerol or phosphate could be detected in highly purified preparations of the lipopeptide, showing that the lipid is not a phospholipid. Using a subtilisin lipopeptide with only serine bound to the lipid, we found an average of 3 mol palmitate per mol serine. The amino group of serine still remains blocked upon release of half of the palmitate residues by weak alkali hydrolysis. Strong hydrolysis conditions that cleave peptide bonds have to be used in order to reletse serine from the lipid. It is then still partially bound (60%) to the other amino acids of the lipopeptide and partially present as free amino acid (40%). A connecting link between the N-terminal serine and the palmitic-acid residues is needed. At present, a polyhydroxy amino-carbonic acid, which was obtained from a hydrolysate of the lipopeptide in pure form (20) , is being studied. Supported mainly by indirect evidence, the working hypothesis is that the palmitate residues are bound by 2-3 ester linkages and an amide linkage to this compound which is itself linked by its carboxyl group to the a-amino group of the N-terminal serine of the polypeptide chain.
Attachment of the lipoprotein on the murein
The C-terminal lysine (Fig. 1) was not obtained as a constituent of a peptide since it is fixed on the murein (2) . By NH2-Lys-COO-
Ala-Glu-Dpm-I
MurNAc-GlcNAc The mode of linkage between lysine, argiine, and the constituents of the murein was established mainly by Edman degradation. Only in peptide a was lysine released in the first step, since both liaminopimelic acid and arginine were converted to the phenylisothiohydantoin derivatives. In peptide b, after the first step of Edman degradation the a-amino group of lysine became exposed but lysine remained bound to diaminopimelic acid. This shows that lysine is linked to the carboxyl group of the optical L-center of diaminopimelic acid since the dipeptide Ala-Glu is bound to this amino group. Therefore, in contrast to peptide a no cyclization and concomitant release of lysine is possible in peptide b. In peptides a-c arginine and diaminopimelic acid were always lost after the first step, and in peptide b alanine was also lost showing that it is the ialanine. Furthermore, digestion with aminopeptidase M released arginine as free amino acid (85%) again demonstrating its N-terminal position. Determination of the free amino groups with dinitrofluorobenzene confirmed the structures a-d; e.g., with peptide a Dnparginine, mono-and di-Dnp-diaminopimelic acid (but no Dnp-lysine) were obtained showing that both amino groups of lysine were blocked. Since both amino groups of diaminopimelic acid reacted, as is the case when treated with dansyl chloride (3) or with phenylisothiocyanate, this shows again that lysine must be linked by its &amino group to a carboxyl group of diaminopimelic acid. However, as found (3, 4) with carboxypeptidase B, arginine was released (5 hr, 60%/ yield) from peptides a and b. This was unexpected since carboxypeptidase B releases only C-terminal arginine and lysine. As tested on several peptides, our enzyme (treated with dinitrofluorobenzene) was apparently not contaminated with other proteases. We have to conclude that in an arginyllysine peptide when the e-amino group of lysine is blocked, carbox-ypeptidase B releases free arginine. In contrast, hippuryl-e-benzyloxycarbonyl-ilysine is not cleaved (21) . In the arginyl-(e-diaminopimelyl)-lysine peptide, the positively charged a-amino group of arginine or more likely its guanidino group perhaps fits into the active center of the enzyme, and the free carboxyl group of lysine is still recogProc. Nat. Acad. Sci. USA 69 (1972) murein that was freed of lipoprotein by Pronase degradation nized. Since similar amounts of arginine were released from both peptides, the length of the amino-acid side chain at the -amino group of lysine is apparently without major influence.
In summary, the attachment of the polypeptide chain at the N-terminal end to a lipid and at the C-terminal end to the murein is a unique feature that is manifested in the structural peculiarities of the lipoprotein. The two serine residues at the N-terminal end extend from the repetitive part of the polypeptide chain and the same is true for the striking concentration of basic amino acids at the C-terminal end. The only aromatic amino acid in the whole polypeptide is also situated there. The sequence Lys-Tyr-Arg-Lys could thus serve as a recognition site for the enzyme that attaches the lipoprotein molecules to the murein. A schematic drawing of the lipid and murein attachment sites is presented in Fig. 2 .
There is another interesting aspect of this sequence. According to Perutz, Kendrew, and Watson (22) , in hemoglobins and myoglobin, nonpolar sites tend to repeat along a-helical segments at regular intervals of about 3.6 residues, making one side of the helix nonpolar which is at the interior of the globin chain. Starting at the third amino acid (Asn) of the lipoprotein (see Fig. 1 ), where the repetitive sequence also commences, nonpolar residues occur constantly along the whole sequence at intervals of 4 and 3 residues, respectively, in a consistently alternating set. If an a-helical conformation for the lipoprotein could be proven, and our preliminary measurements of the circular dichroism show indeed a very high a-helical content, one side of the helix would be polar and the other nonpolar. If this would be a single helix about 50 amino acids long, then the protein would also have two differently polar faces. On the other hand if the protein is folded, it would be of considerable interest to know whether the hydrophobic side chains are buried in the interior of the protein, as is the case with soluble proteins, or whether they interact primarily with the surrounding, presumably mostly hydrophobic, components of the cell wall. A relatively high a-helical content was claimed for other proteins in various membranes [see review (23) and a critical evaluation (24) ].
The polypeptide chain is composed mainly of hydrophilic amino acids. However, with the lipid attached the protein becomes distinctly hydrophobic. The lipid at the N-terminal end of the lipoprotein could extend quite far into the cell wall, perhaps even into a lipid bilayer, and could interact with other lipids, hydrophobic regions of proteins, or with the lipid A of lipopolysaccharide (25) . When the polypeptide chain forms one single a-helix it could have a length of 85 A, and in a more extended structure the protein could span the width of the cell wall (thickness, 120-140 A') (26, 27) .
Immunological studies with wild-type cells and mutants lacking surface structures to a different extent (e.g., rough strains) yielded promising results for a more detailed localization of the lipoprotein molecules in the cell wall (Mayer, H. and Braun, V., unpublished).
The evidence is now conclusive that the protein found together with the murein (28) is a constitutive part of the rigid layer and is not a contaminant from various cell-wall proteins. Our previous concept of individual lipoprotein molecules of identical structure containing covalently bound lipid and being linked by a covalent bond on average to every 10th-12th repeating unit of the murein is thus confirmed.
Lipid-(Ser)-Ser-Asn.-- 
